ABSTRACT GRB 090618 is a bright GRB with multiple pulses. It shows evidence of a thermal emission in the initial pulses as well as in the early afterglow phase. We investigate the shape and evolution of the thermal component in the early afterglow/ late prompt emission phase using data from Swift /BAT, Swift /XRT, and Fermi/GBM detectors. An independent fit to the BAT and the XRT data reveals two correlated blackbodies with monotonically decreasing temperatures. Hence we investigated the combined data with a model consisting of two blackbodies and a power-law (2BBPL), a model suggested for several bright GRBs. We elicit the following interesting features of the 2BBPL model: a) the same model is applicable from the peak of the last pulse in the prompt emission to the afterglow emission, b) the ratio of temperatures and the fluxes of the two black bodies remain constant throughout the observations, c) the black body temperatures and fluxes show a monotonic decrease with time, with the fluxes dropping about a factor of two faster than the flux of the power-law emission, d) attributing the blackbody emission to photospheric emissions, we find that the photospheric radii increase very slowly with time, and the lower temperature blackbody shows a radius about 65 times larger than the radius of the higher temperature black body. We find some evidence that the underlying shape of the non-thermal emission is a cut-off power-law rather than a power-law. We sketch a spine-sheath jet model to explain our observations.
INTRODUCTION
The radiation mechanism of the prompt emission of gamma-ray bursts (GRBs) remains an open question. Though the spectrum is phenomenologically fitted with an empirical function, called the Band function (Band et al. 1993 ), a physical model to describe the variety of prompt emission data is yet to be established. It is widely believed that the prompt emission spectrum is fully non-thermal, and represents an optically thin synchrotron emission (e.g., Meszaros et al. 1994; Piran 1999; Zhang & Mészáros 2002) . The electrons radiating the synchrotron photons are expected to cool fast, and the photon index of the spectrum is restricted to be less than -1.5 in this fast cooling regime (Cohen et al. 1997) . The photon index in the lower energies, however, is not always compatible with this non-thermal model (Crider et al. 1997 (Crider et al. , 1999 Preece et al. 1998 ). In addition, evidences for a thermal component are seen in a few bright GRBs (e.g., Ghirlanda et al. 2003; Ryde 2004 Ryde , 2005 Shirasaki et al. 2008; Ryde & Pe'er 2009; Guiriec et al. 2011; Axelsson et al. 2012; Basak & Rao 2013b; Rao et al. 2014) . The spectra of such GRBs show a combination of thermal and non-thermal components. While the thermal component possibly signifies emission from the photosphere, the non-thermal component represents all possible dissipative processes including an optically thin synchrotron emission.
Such observations of thermal components during the prompt emission phase, however, are limited to a handful of GRBs. Moreover, the correct shape of the thermal component is debatable. For example, the time-resolved 1 rupalb@tifr.res.in 2 arrao@tifr.res.in spectra of GRB 090902B are consistent with a variety of models -a single blackbody with a power-law (BBPL; Zhang et al. 2011 ), a multicolour blackbody along with a power-law (mBBPL; Ryde et al. 2010) , and two blackbodies with a power-law (2BBPL; Basak & Rao 2013a; Rao et al. 2014) . Such a diversity in the spectral models is perhaps due to the poor energy resolution of the gamma-ray detectors. For example, Swift /Burst Alert Telescope (BAT) has an energy resolution of ∼ 7 keV . Further, due to the wide field of view, GRB detectors are background dominated. These constraints are particularly severe at the lower energies (below ∼ 15 keV) making the measurement of low energy spectral features like the thermal component and the low energy power-law index quite challenging.
Another severe constraint faced while modelling the prompt emission spectral shape is the fast variability: Both the flux and the spectrum of GRBs are known to be highly variable. Hence the average spectral shape may not capture the inherent spectral components. On the other hand, dividing the the data into finer time bins makes the spectral sensitivity quite poor, making it difficult to identify the correct spectral model. One way to handle this is to treat GRBs as a collection of pulses and assume certain smooth spectral evolution within these pulses. Basak & Rao (2013b) , for example, have adopted a new scheme for time-resolved spectral study, called the "parametrized joint fit". The procedure involves the parametrization of the evolution of peak energy, and tying of the spectral index in all time bins. Such a method greatly reduces the number of free parameters of any spectral model, and hence, the time-resolved spectroscopy becomes more tractable. It is shown that the prompt emission data is consistent with two evolving blackbodies with a power-law (2BBPL), and the spectral evolution is quite smooth within a broad pulse of a GRB. However, even with this technique, only marginal conclusions could be drawn in a limited sample, namely GRBs with high flux.
In recent years, detections of an evolving blackbody component have been reported based on the data from focusing X-ray detectors e.g., Swift /X-Ray Telescope (XRT) (Page et al. 2011) , NuSTAR (Bellm et al. 2014) , during the early afterglow phase of a few GRBs. These detections are very convincing thanks to the impressive energy resolution of the X-ray detectors (e.g., 140 eV at 5.9 keV for the XRT during launch), and background reduction due to the focusing of X-rays. Such good quality observations are rarely done during the prompt phase and it is not clear whether the emergence of a thermal component is a late time prompt emission/ early afterglow phenomenon in some special GRBs or they are a generic feature of the GRB prompt emission. Hence it is interesting to compare the evolution of these thermal components during the prompt and the early afterglow phase of a GRB. With its high slewing rate, the Swift satellite is capable of providing good quality data in the higher and lower energies using the BAT and the XRT, respectively. Such overlapping observations, however, are rare as the XRT generally misses the glimpse of the prompt emission, and during the late phase, the BAT data has a poor signal to noise ratio. In addition, the XRT has a limited bandwidth (0.3-10 keV) and the blackbody need to be prominent within this bandwidth. Hence, detection of a thermal component simultaneously with the hard non-thermal component is a very difficult observation to make.
GRB 090618 is one rare case where a significant overlap is seen in the BAT and the XRT observations. This is a long GRB with T 90 ∼ 113 s (T 90 : time span to accumulate from 5% to 95% of the gamma-ray flux). The XRT started taking the afterglow data in the WT mode from 125 s after the BAT trigger. The flux in both the detectors decreases smoothly during the overlapping observation. During the prompt emission phase the GRB exhibits several broad pulse emissions. Basak & Rao (2013b) have found an evidence of two correlated blackbodies in the first two pulses. Page et al. (2011) , on the other hand, have found a single blackbody component in the early afterglow data of the XRT (primarily in the 125-275 s interval). During the initial XRT data (∼ 125 − 165 s), the falling part of the last pulse is still detected in the BAT. In this context, it is interesting to investigate the thermal emission in the last pulse of the BAT data, and then compare its evolution with that of the XRT data. In this paper, we study the shape and evolution of the thermal component during the overlap of the prompt and afterglow phase. The next section (Section 2) highlights the important timing and spectral features of this GRB. In Section 3, we perform a spectral analysis, and interpret the results. In Section 4, we propose a physical model to explain the observation. Finally, we draw conclusions and discuss the implications of our results in Section 5.
TIMING AND SPECTRAL FEATURES OF GRB 090618
In Figure 1 (upper panel), we show the flux evolution (erg cm −2 s −1 in 15-50 keV) of GRB 090618 as de- , and the XRT (1.5-10 keV)/(0.3-1.5 keV). We have fitted power-law functions to the piece-wise data. These are plotted by thick lines to guide the eye. Both the data are taken from http : //www.swif t.ac.uk/burst analyser/ (see Evans et al. 2007 Evans et al. , 2009 ).
tected by the BAT and the XRT detectors (filled and open symbols, respectively). The flux data is taken from http : //www.swif t.ac.uk/burst analyser/. The 15-50 keV flux of the XRT is calculated by extrapolation of the average spectrum in this energy band. The time-integrated flux (i.e., fluence) over △t=182.27 s is 3398.1 ± 62.0 × 10 −7 erg cm −2 (Nava et al. 2011) , one of the highest till date. The data in the XRT observation show a canonical flux evolution of the X-ray afterglow.
The light-curve fitting shows a steep decay phase with an index of -6 (F X (t) ∝ t −6 ) till 310 s, and a shallow decay phase with an index of −0.71 ± 0.02 thereafter (Beardmore & Schady 2009; see Page et al. 2011 for a detail of the XRT observation).
During the prompt emission phase several broad pulses are seen. To study the average spectrum of the pulses, Rao et al. (2011) have divided the lightcurve into four sectors: 0-50 s, 50-77 s, 77-100 s and 100-180 s, time being measured from the BAT trigger time. The spectrum in each sector is fitted with a Band function. The following parameters are obtained in these sectors (in sequence) -peak energy (E peak , in keV): 264 Note that the analysis indicates a spectral soft-ening during the prompt emission. To study a detailed spectral evolution within each sector, Basak & Rao (2012) have performed a pulse-wise analysis of this GRB. They have assumed an empirical function for the evolution of the peak energy (Liang & Kargatis 1996) : E peak (t) = E peak,0 exp [−φ(t)/φ 0 ], where φ(t) is the integrated flux (or "running fluence") from the start of the pulse. Note that this function signifies a hard-to-soft spectral evolution i.e., the peak energy starts with a high value (E peak,0 ), and exponentially falls off with the "running fluence". As all the pulses could be described with such an evolution law, this indicates a spectral softening within the pulses of the GRB. Interestingly, Izzo et al. (2012) have found an evidence of two different episodes in the prompt emission data. In the first episode (0-50 s) they have identified a thermal component which shows a temperature evolution resembling a hard-to-soft evolution. However, the signature of a thermal emission is insignificant in the rest of the burst. Basak & Rao (2013b) , using a "parametrized joint fit" in the rising and falling part of the first pulse (-1.0 to 40.85 s), have found an evidence for a thermal emission. Interestingly, the thermal component consists of two correlated blackbodies rather than a single blackbody. The evidence is less clear in the subsequent pulses. Note in Figure 1 that the first pulse is well separated from the rest of the burst, while the intermediate pulses have large overlaps. Hence, it is possible that the spectral evolution gets affected due to the overlap of the pulses. Note that the falling part of the last pulse has a smooth flux decrement, and this part is relatively free from pulse overlap. Moreover, during this time, there is a simultaneous BAT and XRT observation, and Page et al. (2011) have found an evidence of a blackbody component in the initial XRT data. Hence, it is interesting to study the spectral evolution in the falling part of the last pulse. The lower panel of Figure 1 shows the evolution of the hardness ratio (HR) for the BAT (black filled symbols) and the XRT (large open symbols) observations. We choose the following definition of HR. BAT: (25-50 keV)/(15-25 keV), and XRT: (1.5-10 keV)/(0.3-1.5 keV), based on the criterion of approximately equal observed counts in the respective energy bands. Note that the HR values show a hard-tosoft evolution in different sectors, namely, the first pulse (0-50 s), falling part of the second pulse through the third pulse (60-100 s) and the fourth pulse (> 100 s). The data in each of these sectors is fitted with a power-law function, which is over-plotted to guide the eye (thick curves). The HR data of the XRT observation is fitted in 125-205 s interval. We note that the spectral softening of the last pulse is similar to the first two episodes. The XRT data in the overlapping region of the last pulse shows a similar evolution. Hence, the HR plot indicates that we are likely to get similar evolution of a thermal component in the BAT and the XRT spectral data during the falling part of the last pulse.
SPECTRAL ANALYSIS AND INTERPRETATION

Evolution of the Thermal Component in the BAT
and the XRT Data We follow the analysis technique described in Basak & Rao (2012) . For the XRT analysis, we use the standard XRT spectrum in the required time intervals (cf. Evans et al. 2009 ). These spectral data are extracted from the WT mode data with a pile-up and exposure map correction.
As a first step, we investigate the evolution of the thermal component independently in the BAT and the XRT data. Page et al. (2011) have studied the XRT spectrum of this GRB in the time interval of 125-2453 s after the BAT trigger. They have divided this duration into four initial time bins (125-165 s, 165-205 s, 205-245 s, 245-275 s) and one larger time bin (275-2453 s).
In Figure 1 , we show the first four time bins by vertical lines. These regions cover the smoothly falling part of the XRT light curve. Page et al. (2011) perform X-ray spectral fittings including a galactic absorption (N H = 5.8 × 10 20 cm −2 ) and an intrinsic neutral hydrogen absorption (zN H = (1.82 ± 0.08) × 10 21 cm −2 ). They find an evidence for an evolving blackbody component in the time-resolved spectra. In each case, the inclusion of a blackbody gives > 0.9999 F-test significance over a power-law fit to the data. In Figure 2 , we have shown the blackbody temperature (open circles) in the first four intervals as used by Page et al. (2011) . The blackbody temperature steadily decreases (from 0.97 In order to find the signature of a thermal emission in the BAT data, we perform a time-resolved spectroscopy using a BBPL model in the falling part of the last pulse. We use four time bins: 115-118 s, 118-121 s, 121-125 s and 125-165 s. Note that the last bin covers the first XRT time bin of Page et al. (2011) . The BAT has no measurable flux beyond 165 s. The temperature as obtained by our analysis is shown by filled squares in Figure 2 . There is a clear indication of a decrement of the temperature with time. We fit a power-law function to the respective data points (BAT and XRT). These are shown as continuous lines in the figure. Though there is a noticeable decreasing trend in the temperatures of both the data sets, the temperatures of the blackbodies during the overlapping observations are quite different in the BAT Table 1 ). Time increases from top to bottom. The two blackbodies are shown by thick dotted curves. Note that the temperature and normalization of each blackbody decrease with time.
and the XRT data (differs by > 5σ). This is quite an interesting result. The data indicates that there are possibly two correlated blackbodies with similar evolution, and they happen to show up in two different detectors at the same time (125-165 s interval).
To investigate this result in more detail, we perform a joint fit to the BAT and the XRT spectral data during the overlapping period of the observations (125-165 s), using a power-law, a BBPL and a 2BBPL model. The χ 2 (and degrees of freedom -dof) are 953.6 (285), 787.0 (283) and 307.1 (281), respectively. Clearly, the two blackbodies are required to fit the data at a high significance level. It is worthwhile to mention that a Band function also gives a good fit to the data with χ 2 (dof)=263.7 (283). While the fit is only marginally better than 2BBPL model (at 1.69σ), the value of α (−0.71 +0.10 −0.08 ) is higher than the limit of synchrotron emission in the fast cooling regime by 9.9σ. On the other hand, the power-law of the 2BBPL model has an index Γ = −1.93 ± 0.02, well within the regime. Hence, the 2BBPL model seems to be acceptable on physical grounds. In addition, it is possible that the non-thermal component has different slopes in the lower and higher energies (see Section 3.2). Hence, the 2BBPL model can be an approximation of a more fundamental model. For example, a replacement of the power-law component of the 2BBPL model with a cut-off power-law gives χ 2 (dof)=250.4 (280). The power-law index is −1.50 +0.05 −0.06 , which is again within the synchrotron regime.
Since there is a strong indication of spectral evolution in the first time bin (see the HR plot in Figure 1 ), we further subdivide the 125-165 s data into four time bins. We use the 2BBPL model to fit the time-resolved spectra. In Figure 3 , we have shown the unfolded νF ν spectra with 2BBPL model fits (histograms) to the individual spectral data (plus signs). The two blackbodies in each time bin are shown by dotted curves. The observation time increases from the top to the bottom. The temperature and flux of both the blackbodies decrease with time.
We note in Figure 3 that each detector captures a blackbody in its spectral window. Hence, in the absence of one of the detectors, the other 'sees' only a single blackbody. This must be happening before 125 s when the XRT data is not available. An extrapolation of the temperature evolution, as seen in the XRT data, to 115 s yields a temperature ∼ 1.4 keV, well outside the lower energy coverage of the BAT. In order to get a better confidence in the analysis, we include Fermi/Gammaray Burst Monitor (GBM) to fit the time-resolved data before 125 s. Note that the lower energy coverage of the GBM extends up to ∼ 8 keV, hence, it can better identify any signature of the lower blackbody in the absence of the XRT observation. We extract the time-resolved data by requiring a minimum of 1500 count in the NaI 4 (n4) detector, the one having the highest count rate among the GBM detectors. We obtain 7 bins from 116.95 s to 130.45 s. We fit each time-resolved data with a BBPL model. In Table 1 , we have shown the best-fit values of the temperature (kT ), normalization (N ) and power-law index (Γ) of the model. In this table, we also show the best-fit values of the 2BBPL model fitted to the data in the overlapping region of the BAT and the XRT observations. All the time intervals are measured from the time of the GBM trigger. Note that the evolution of the higher blackbody temperature is consistent with that of the blackbody temperature in the previous bins. Hence, we conclude that the blackbody seen in the higher energy detectors is the higher blackbody of the 2BBPL model. To check whether any signature of the lower blackbody is present before the XRT observation, we use 2BBPL model to fit the BAT-GBM spectra. We find negligible improvement in the χ 2 values -average χ 2 red are 0.98 ± 0.17 and 0.93 ± 0.15 for BBPL and 2BBPL model, respectively. Hence, we conclude that the lower blackbody remains outside the lower energy coverage of the high energy detectors (even the GBM).
The temperature evolution as found in our analysis are graphically shown in Figure 4 . The squares represent the temperature of the higher blackbody, while the circles represent that of the the lower blackbody. The temperatures in the XRT data as found by Page et al. (2011) are over-plotted (open circles) . Note that this data is consistent with the evolution of the lower blackbody as obtained from the BAT-XRT joint analysis (filled circles). The evolution of the higher blackbody (filled squares) is also consistent with the evolution of the blackbody detected in the higher energy detectors before the XRT observation (open squares). The time-temperature data of each of the blackbodies is fitted with a power-law function. As the BAT data is used up to 165 s, we restrict the fitting till this time. The index of the powerlaw fit for the higher and lower blackbody are −3.6 +0.4 −0.5 and −2.8 +0.5 −0.5 , respectively, which are close to each other (within 1.6σ). Hence, there is a very strong indication that the two blackbodies detected in the lower and higher energy detectors are two components of a unified 2BBPL model. Both these components show a smooth evolution during the junction of the late prompt emission and the early afterglow phase.
Another important conclusion can be drawn by comparing the flux evolution of each component of the 2BBPL model during 125-165 s. This interval is chosen because there is a simultaneous observation of all Table 1 Parameters of spectral fitting to the time-resolved spectra of the final prompt emission phase of GRB 090618. We have used two models:
(i) blackbody with a power-law (BBPL) and two blackbodies with a power-law (2BBPL). During the initial time bins, the joint BAT-GBM data are fitted with a BBPL model. In the overlapping region of the BAT and the XRT, a 2BBPL model is fitted. 
(144)
Notes: Temperature (kT ) and normalization (N ) of a blackbody have usual units used in XSPEC: keV and 10 39 erg s −1 (10 kpc) −2 . Suffix 'h' and 'l' denote the higher and lower blackbodies, respectively. In the initial bins (where the XRT data is not available) the lower blackbody is speculated to be outside the BAT energy band. Hence, the blackbody here represents the higher blackbody as detected in the higher energy detectors.
the components of the 2BBPL model in this interval. Note that the lightcurve shows a steep decay during this time. The steep decay phase can be a combination of high latitude emission due to "curvature effect", and the canonical afterglow decay (Zhang 2007 ). The first effect leads to a rapid flux decrement, while the second effect is likely to show a slower decay. Page et al. (2011) have shown in the XRT data that the contribution of the blackbody to the total flux decreases with time, and the signature of a thermal emission is absent in the late XRT and XMM-Newton data. In the inset of Figure 4 , we show the evolution of the flux (10 −7 erg cm −2 s −1 in 0.1-150 keV) of each component of the 2BBPL model. In order to show the flux evolution of the components in the same scale, the flux of the blackbodies are normalized with the power-law flux at the first bin. The multiplication factor to get the actual flux values are 0.31 and 0.94 for the higher blackbody and the lower blackbody, respectively. It is interesting to note that the two blackbodies show a steeper decay than the power-law component. This is consistent with the findings of Page et al. (2011) . Hence, the thermal emission is probably the late phase of the prompt emission.
It is interesting to study the evolution of the photospheres (r ph ) of the two blackbodies during the transition of the prompt and afterglow phase. As the temperature and flux vary smoothly during this time, we expect a smooth photospheric evolution. To compute r ph , let us define a dimensionless quantity R (see Ryde & Pe'er 2009 ) as follows.
(1) where F BB (t) is the flux and T (t) is the temperature of a blackbody at an observer time, t. σ is StefanBoltzmann constant = 5.6704 × 10 −5 erg cm −2 s −1 K −4 . As the photospheric radius is directly proportional to R, it is sufficient to study the evolution of R. We calculate the flux of the individual blackbodies and calculate the corresponding R. The error in R is calculated by propagating the error of temperature and flux. In Figure 5 , we show the time evolution of R (in units of 10 −19 ). We note that (i) the evolutions are similar in the overlapping region, (ii) the photosphere of the lower blackbody occurs at a higher radius compared to that of the higher blackbody, and (iii) both the photospheres show a slowly increasing trend. These observations can be explained as follows.
From Table 1 , we note that the temperature and normalization of the two blackbodies are highly correlated. We obtain the Pearson correlation 0.96 (with a chance probability 4 × 10 −2 ) and 0.98 (with a chance probability 2 × 10 −2 ), respectively. The photospheres of the two blackbodies have similar evolution possibly because the two blackbodies are highly correlated. To investigate this further, we tie the ratio of the temperature and normalization of the blackbodies in all bins. In addition, as we have found little variation of the power-law index (Γ), we tie this parameter in all time bins to gain in the number of 'dof'. With these constraints, we obtain χ 2 red (dof)=1.05 (607). With Γ as free parameter we obtain χ 2 red (dof)=1.03 (604), and with no constraints, χ 2 red (dof)=1.03 (598). Note that while we get similar χ 2 red , the 'dof' increase with tied fitting. Moreover, such tied fitting confirms that the two blackbodies are indeed correlated. We obtain the ratio of temperature and normalization of the higher blackbody to the lower blackbody as 6.40 ± 0.39 and 0.40 ± 0.03, respectively. As the normalization of the blackbodies are given in energy units, the flux ratio of the two blackbodies scales with the ratio of normalizations. Hence, putting these values in Equation 1, we obtain the ratio of R as
Hence, the photosphere of the lower blackbody occurs at about 65 times higher radius than that of the higher blackbody (see Figure 5 ).
Comments on the Power-law Index
We have seen that the thermal component of the 2BBPL has a smooth evolution during the transition of the prompt emission to the early afterglow phase. Let us now investigate the evolution of the power-law component. Page et al. (2011) −0.14 . As the flux rapidly evolves in the first time bin, it is better to use finer bins, as we have done in our analysis. Note from Table 1 that the value of Γ before the XRT observation (i.e., < 125 s) are much lower than these values. There can be two reasons for such an observation -(i) the index has an evolution, or (ii) there is a difference in the spectral index at lower and higher energies. In order to investigate this, we perform a tied fitting of the BAT-GBM data before the XRT observation. We incorporate a lower blackbody with the ratio of temperature and norm tied to those of the higher blackbody. We use the ratios as obtained by the tied fitting of the BAT-XRT joint data (see Section 3.2). In addition, the lower blackbody is restricted below 5 keV and the parameter Γ is tied in all bins. With these restrictions we obtain Γ = −2.16 +0.05 −0.04 , which is comparable with the values found in these bins. Note that this value is quite different from those obtained in the XRT data. An evolution in Γ cannot account for this drastic change. Hence, the difference possibly signifies a difference in the slope of the spectrum in the lower and higher energies, and a steeper slope is naturally obtained in the absence of the low energy data. Note the values of Γ in the BAT-XRT joint data are indeed intermediate to these values (see Table 1 ). Hence, the non-thermal component of the spectrum probably has a steeper slope at higher energies. To investigate this, we perform a tied fitting of the BAT-XRT joint data by replacing the power-law component of the 2BBPL model with a cut-off power-law function. We tie the index and cut-off energy of the function in all bins. The ratio and normalization of the two blackbodies are fixed to those obtained in the tied analysis. We obtain χ 2 red (dof)=0.93 (606). Note that compared to the tied 2BBPL model fit (χ 2 red (dof)=1.05 (607)), this is marginally better. We obtain the following functional form of the non-thermal component:
. Now, the index in the energy range E 1 to E 2 can be approximated by
. The slope in the XRT energy band (0.3 − 10 keV) is found to be −1.80 ± 0.03, while the slope in the BAT energy band (10 − 150 keV) is found to be −2.12 ± 0.12. Note that these values are re-markably close to those obtained by independent fitting of the XRT and the BAT data, respectively. This analysis illustrates that the slope of the non-thermal component has indeed a spectral variation rather than a time evolution.
A PHYSICAL MODEL FOR THE ORIGIN OF 2BBPL
4.1. A Spine-sheath Jet Model The model we propose to explain all the observations regarding the 2BBPL model is a spine-sheath jet model. This is one of the commonly discussed jet structure in the literature. From the theoretical point of view, such a structure is expected as the GRB jet moves through the envelop of the progenitor star. The material of the progenitor forms a hot cocoon on the fast moving jet (Mészáros & Rees 2001; Ramirez-Ruiz et al. 2002; Zhang et al. 2003 Zhang et al. , 2004 . Alternatively, a collimated proton jet surrounded by a less collimated neutron sheath is naturally expected for a jet with considerable magnetic field (Vlahakis et al. 2003; Peng et al. 2005 ). On the observational side, a spine-sheath jet structure is frequently invoked to explain various observations e.g., shallow decay phase during the X-ray afterglow (Granot et al. 2006; Panaitescu et al. 2006; Jin et al. 2007; Panaitescu 2007) , double jet break and optical re-brightening (Berger et al. 2003; Liang & Dai 2004; Holland et al. 2012) . For example, Berger et al. (2003) , using the afterglow data of GRB 030329 have found an evidence of a collimated spine with an opening angle, θ spine ∼ 5
• , and a wider sheath with an opening angle, θ sheath ∼ 17
• . Interestingly, the collimation corrected energy of the sheath is 5 times higher than that of the spine. Hence, most of the jet power is stored in the sheath component. On the other hand, Holland et al. (2012) , using the optical afterglow data of GRB 030329, have found a much collimated sheath. The opening angle of the spine and sheath are: θ spine ∼ 0.86
• , and θ sheath ∼ 1.4
• . In addition, the jet luminosity of the two components are comparable with each other. Hence, a variety of spine-sheath structure is possible.
Recently, Ito et al. (2013, I13 hereafter) have performed a Monte Carlo simulation of a spine-sheath jet. They consider 0.5
• and 1 • of opening angle for the two components, respectively. They vary the ratio of the speed and viewing angle, and obtain a variety of synthetic spectra (Figure 5 of I13) . Interestingly, they find an apparent signature of the two blackbodies for a viewing angle near the spine-sheath boundary. In addition, they find a cut-off power-law component with a cut-off at ∼ 100 MeV.
Explanation of the Observations
Following I13, we consider the spectral evolution in such a spine sheath jet. First, let us define the required quantities. The coasting bulk Lorentz factor is defined as η = L/Ṁc 2 , where L is jet luminosity, andṀ is the mass flow rate. The photospheric radius, r ph ∝ Lη −3 . The radius where the bulk Lorentz factor (Γ B ) saturates is called the saturation radius, r s ∝ r i η. Here, r i is the position where the initial energy is injected. The quantities related to spine and sheath are denoted by the suffix 'sp' and 'sh', respectively. We assume η sp > η sh . Let us now give the estimates of the parameters as required by the observations.
(i) Note that the model naturally explains the presence of two correlated blackbodies. The evolution of Γ B of the individual components is Γ B ∝ r/r i till r s,sh . Beyond this radius, while the sheath coasts with Γ B,sh = η sh , the spine continues to accelerate till r s,sp . The temperature in the comoving frame, kT ′ has the following evolution (see I13).
where r is the radial distance measured from the centre of explosion in the lab frame. As the observed temperature, kT ∼ Γ B kT ′ , the temperature remains constant till the saturation radius, and then falls off as r −2/3 . Now, in the falling part of a pulse, we have observed that the temperatures of both the blackbodies monotonically decrease. Hence, the photosphere must have occurred above the saturation radius for both spine and sheath. From Equation 3, the observed temperature at r ph is kT (r ph ) ∝ r 1/6 i η 8/3 L −5/12 . Hence, the temperatures at the respective photospheres strongly depend on the value of η. Also, as η sp > η sh , the spine photosphere (r ph,sp ) occurs below the sheath photosphere (r ph,sh ). We can calculate the required ratio of η from the observed ratio of the photospheric radius (∼ 65; see Equation 2).
If we assume that L scales with η (as considered by I13), then we find a ratio of ηsp η sh ∼ 8. If, on the other hand, the spine and sheath have similar values of L, then the ratio is ∼ 4.
(ii) Let us explain the observation regarding the nonthermal component of the spectrum. For this, we shall use the results of Basak & Rao (2013a) . They have shown that the non-thermal component of the 2BBPL model has a strong connection with the GeV emission of a GRB. Phenomenologically, one can find two very different classes of GRBs with GeV emission -hyperfluent LAT GRBs (e.g., GRB 0909002B, GRB 090926A), and low-fluent LAT GRBs (e.g. GRB 100724B). Though these two classes have similar keV-MeV brightness, the hyper-fluent LAT GRBs have an order of magnitude higher GeV emission than the other class of GRBs. Basak & Rao (2013a) have shown that the power-law component of a hyper-fluent LAT GRB has a delayed onset and a lingering behaviour with respect to the thermal component. However, the low-fluent LAT GRBs show a coupled thermal and non-thermal variability. Let us explain this behaviour in the framework of the structured jet model.
First, we note that in the region above r s,sh , the sheath coasts with a constant velocity, while the spine still accelerates. Hence, a velocity shear occurs above this radius. The photons which cross the spine-sheath boundary in this region effectively gains energy by inverse-Compton effect, and forms a power-law distribution. However, as the photon energy increases, the Compton scattering approaches the Klein-Nishina regime and the scattering In addition, such a jet can generate a cut-off power-law by inverse-Comptonizing the photons which cross the spine-sheath boundary (red and green zig-zag path). We have marked the location of the photospheres of the individual components, and the internal/external shock regions (see text for details).
cross section rapidly decreases. Hence, we expect a cutoff in the emergent power-law component. I13 obtain a cut-off at ∼ 100 MeV, corresponding to a Γ ∼ 200. In addition, internal shock above the photosphere can lead to synchrotron emission. The synchrotron radiation above the photosphere is delayed compared to the thermal emission. Hence, for the hyper-fluent LAT GRBs, this is possibly the dominant process for the production of the non-thermal component. As the radiation is expected to have a delayed onset and a longer lasting behaviour compared to the thermal emission, this model is consistent with our findings. The other mechanism is nearly simultaneous with the photospheric emission. Hence, this process is likely to be dominant for the lowfluent LAT GRBs which show a simultaneous evolution of the thermal and the non-thermal component.
In Figure 6 , we have shown a schematic picture of the spine-sheath jet model. Each of the components has its individual photosphere. As the spine has higher η, the photospheric radius (r ph,sp ) is lower than that of the sheath (r ph,sh ). The photons crossing the spine-sheath boundary layer effectively form a power-law with a cutoff. In addition, internal shocks above the photosphere also contributes to the non-thermal emission. All these emissions constitute the prompt emission phase. Note that the emissions from the spine and sheath components can be seen both during the prompt and the afterglow phases.
DISCUSSION AND CONCLUSIONS
In recent works, we have advocated the 2BBPL model as the universal model of GRB prompt emission data (Basak & Rao 2013b Rao et al. 2014) . We have studied the Fermi/GBM data of various categories of GRBs -single pulse, multiple separable pulses, and multiple overlapping pulses. In all cases, we have found that the 2BBPL model is preferred over all other models. As a single model can be applied for all categories of GRBs, it strongly indicates a common radiation mechanism. The current analysis indeed shows the existence of the two blackbodies in the prompt emission spectrum that shows up in the lower energy detector at the "correct" time. In order to explain all the observations related to the 2BBPL model, we have proposed a physical picture, namely, a spine-sheath structure of a GRB jet. This model could explain the existence of the two blackbodies and the relative distance of the corresponding photosphere. The evolution of the non-thermal component and its connection with the GeV emission is also explained.
It is worthwhile to mention that though the 2BBPL model has many observational evidences, the spinesheath model may not be the only possible physical setting. It is possible that the model considered here is a simplification of a more physical and complex model. A modification of the model, or a completely different process is not ruled out. For example, in the Cannonball model (Dado et al. 2002; Dar & de Rújula 2004) , the central engine releases a sequence of ordinary matter, called "cannon-balls" (CB). The energy is liberated via particle interaction rather than a photospheric emission or shock generation. The CBs give rise to a blue-shifted bremsstraulung spectrum and inverse Comptonize the ambient photons. The higher blackbody of the 2BBPL model can be identified with the photons boosted by the interaction of CBs with the supernova shell, and the lower blackbody is possibly associated with the bremsstrahlung photons. As the two components are produced by the same CB, they should be correlated. Even in the framework of the fireball model, dissipative processes (e.g., magnetic reconnection, or internal shocks) can re-energize the thermal emission by Comptonization (Rees & Mészáros 2005) . For fast dissipation, the pairs generated in the process can form an effective pair photosphere. Hence, the thermal emission from both the spine and sheath can be Comptonized blackbody emission ("grey body") from the respective pair photospheres. A variety of such modifications over the simple two-component model, in principle, can be conceived. In addition, the origin of the spine and sheath components of a GRB jet is debatable. If the sheath is the cocoon, the opening angle should be wide (∼ 10 • − 20 • ), and the value of η should be about 5-10 times lower than the spine (e.g., Zhang et al. 2004) . Note that in our analysis, we require a ratio of η in this range. However, the ratio crucially depends on the jet luminosity (L). The observation of the prompt emission alone cannot determine all the parameters of the two components (e.g., L, opening angles etc). In this regard, the afterglow observation can give further clue on the structure of a GRB jet, provided the two jet breaks are properly identified. Note that the afterglow observation of Berger et al. (2003) and Holland et al. (2012) require very different components of a structured jet in terms of the opening angle and energetics. Hence, a variety of jet structures, in principle, can exist.
The major findings of this work can be summarized as follows:
1. Motivated by the detection of a black body component with temperature decreasing with time in the early afterglow of GRB 090618 (Page et al. 2011) , we investigate the spectral evolution from the peak of the last pulse in the prompt emission (T 0 +117 s; T 90 = 113 s) to the start of the shallow decay phase of the afterglow emission (T 0 +275 s), using data from Swift /XRT, Swift /BAT and Fermi/GBM detectors.
2. The light curve and the hardness ratio (HR) plots indicate that throughout this late prompt/ early afterglow phase, the spectral evolution is hard-to-soft, strongly resembling the HR behaviour during the prominent pulses of the prompt emission.
3. When we fit the data with a model consisting of a blackbody and a power-law (the BBPL model), as was done by Page et al. (2011) for the Swift /XRT data, we notice a distinct trend of temperature decreasing with time. Remarkably, the temperature obtained for the hard X-ray data (from the Swift /BAT) is a factor of 6 higher than that obtained in the low energy data (from the Swift /XRT).
4. A detailed investigation of the spectra in the overlapping regions (with finer time bins), strongly favours a model consisting of two black bodies and a power-law (the 2BBPL model).
5. By employing various statistical techniques like tied spectral fitting, we find that the data is consistent with a 2BBPL model. The ratio of temperatures of the two black bodies is found to be 6.40±0.39 and the ratio of normalization is found to be 0.40±0.03.
6. The underlying power-law shows distinct indices for the low energy and high energy data, -1.90 (with a typical error of 0.03) and -2.2 (with a typical error of 0.1), respectively. We find that this is compatible with a cutoff power-law model for the non-thermal emission with the power-law index of -1.78±0.03 and cut-off energy of ∼ 170 ± 44 keV.
7. Attributing the blackbody emission to photospheric emission, we find the photospheric radius of the lower blackbody 65±8 times higher than that of the higher blackbody. The photospheric radius increases monotonically with time.
8. If we attribute the blackbody emission from a spinesheath jet, we find that the ratio of the coasting bulk Lorentz factor for the spine and sheath to be ∼8. If the sheath is the cocoon, the ratio of η should be in the range 5-10 (e.g., Zhang et al. 2004) , which agrees with our finding.
